We present a sample of 14 OB stars in the Small Magellanic Cloud that meet strong criteria for having formed under extremely sparse star-forming conditions in the field. These stars are a minimum of 28 pc in projection from other OB stars, and they are centered within symmetric, round Hii regions. They show no evidence of bow shocks, implying that the targets are not transverse runaway stars. Their radial velocities relative to local Hi also indicate that they are not line-of-sight runaway stars. A friends-of-friends analysis shows that 9 of the objects present a few low-mass companion stars, with typical mass ratios for the two highest-mass stars of around 0.1. This further substantiates that these OB stars formed in place, and that they can and do form in extremely sparse conditions. This poses strong constraints on theories of star formation and challenges proposed relations between cluster mass and maximum stellar mass.
INTRODUCTION
One of the most important constraints on theories of massive star formation is the degree to which massive, OB stars can form in true isolation (see discussion in, e.g., Lamb et al. 2010) . Our conventional understanding of the stellar initial mass function (IMF) dictates that a large population of lower-mass stars should generally accompany the formation of massive stars. Similarly, the initial cluster mass function can be described as a clustering law where the number of massive stars N * is described by an inverse power-law function almost identical to the IMF (e.g., Oey 2011; Oey & Clarke 1998; Elmegreen & Efremov 1997) . Both the IMF and initial cluster mass function behave as probability density functions, so if they are invariant, it implies that individual OB stars should form in isolation on rare occasions. But does Nature actually operate that way?
Isolated field OB stars are certainly known to exist. However, whether any truly isolated OB stars actually formed in situ is presently controversial. A substantial fraction of the field massive star population is known to consist of runaway stars ejected from clusters but the contribution, if any, of an in-situ component is not established. However, several lines of evidence support the formation of O stars in extremely sparse groups, if not in isolation (Oey & Lamb 2012) : (1) The number of field O stars defined by a friends-of-friends algorithm falls smoothly onto the power-law N * distribution for groups and clusters (Oey et al. 2004) . This implies that the field star population simply represents the low-mass extreme for the mass spectrum of clustered star formation. While thus far this has been evaluated only for the Small Magellanic Cloud (SMC), the star formation properties in this galaxy are unremarkable, and the relation most likely applies in other star-forming galaxies as well. (2) The IMF for massive field stars is substantially steeper than for clusters and associations in the Magellanic Clouds (Lamb et al. 2013; Massey 2002; Massey et al. 1995) , having a power-law slope Γ −2.3 in contrast to the Salpeter (1955) value of -1.35. This is perhaps the only systematic variation in the IMF that is now well established. Since the frequency of runaway stars increases with mass (e.g., Moffat 1998; Gies 1987) , which would flatten the inferred IMF, the steep field IMF suggests a major, if not dominant, contribution of in situ stars. (3) The distribution of rotation velocities for field earlytype stars is also well established to differ from that for cluster members (e.g., Guthrie 1984; Wolff et al. 2007) , with the field v sin i strongly weighted to low values relative to clusters. This may be an evolutionary spin-down effect (Huang & Gies 2008) , or it may be intrinsic to the star-formation density (Wolff et al. 2007 ). (4) Last, but not least, there are numerous examples of candidate in situ massive field stars. Lamb et al. (2010 ) and de Wit et al. (2004 , 2005 identify OB stars with sparse associated groups of lower-mass stars, suggesting that a significant fraction of massive stars form in such extreme, low-density environments. Similarly, Testi et al. (1997 Testi et al. ( , 1999 identify isolated Herbig Ae/Be stars. In that case in particular, it is difficult to reconcile the isolation of these stars with their youth.
Together, these arguments strongly suggest that massive stars occasionally do form in relative isolation. It was already suggested decades ago that high-mass stars may sometimes form in the lower-density cluster outskirts (Burki 1978) . However, since clusters may disperse quickly, especially when a single massive star is present (e.g., Allison et al. 2009 ), it has also been suggested that essentially all massive field stars are runaways from clusters (e.g., Gvaramadze et al. 2012) . The strongest evidence for the in-situ formation of field massive stars is to identify newborn, isolated massive stars. The Herbig Ae/Be stars of Testi et al. are an important such We also note a number of spherical, Strömgren sphere Hii regions with centrally positioned stars identified by Zastrow et al. (2013) in the Large Magellanic Cloud. In this contribution, we present a substantial sample of 14 field OB stars in the SMC hosting single-star Hii regions that appear to imply the in-situ formation of these stars. et al. (2004) determined the SMC clustering law for massive stars by applying a friends-of-friends algorithm to photometrically identified OB star candidates. Any stars not within the 28-pc clustering length from other candidates are defined to be field stars, thereby yielding an essentially complete sample of field stars in this galaxy. We carried out a complete spectroscopic survey of this field star sample, the Runaways and Isolated O-Type Star Spectroscopic Survey of the SMC (RI-OTS4), using the IMACS imaging spectrograph at Magellan with multislit masks (Lamb et al. 2013; Oey & Lamb 2012 ). This survey yields, among other things, spectral types and radial velocities of the target stars. Critical insight on the origin of these stars can be provided by the Hii regions that they generate, which can constrain the likelihood that they formed in the observed locations. Fortuitously, we recently completed a new catalog of Hii regions in the Magellanic Clouds (Pellegrini et al. 2012 (Pellegrini et al. , 2013 using the Hα, [Oiii] , and [Sii] narrow-band imaging data from the Magellanic Clouds Emission-Line Survey (MCELS; Smith et al. 2005) .
SMC FIELD STARS IN STRÖMGREN SPHERES
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We are thus in a position to carefully examine the nebulae for this sample of SMC field OB stars that have known spectral types and radial velocities. In future work, we will systematically address the quantitative and varied properties of the entire field star sample, but the subset we present here provides especially compelling examples of objects that imply that the host stars were 101.0 2.88E-12 9.31E-17 0.9 70149 S174 110.2 3.78E-12 9.95E-17 0.9 71409 S175 45.2 8.50E-13 1.37E-16 1.6 71815 S177 120.0 4.09E-12 9.04E-17 0.8 75984 S194
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formed in place. We selected Hii regions that appear the most symmetric, with no evidence of bow shocks, and with target stars that are well centered within these nebulae. We examine these objects in both Hα and in the ratio map of [Oiii]/[Sii], since the ionization structure confirms the general symmetry and allows us to identify objects with high optical depth (Pellegrini et al. 2012 ).
In addition, we limit the sample to stars which show strong isolation with minimal evidence of companions. Table 1 lists the sample. Columns 1, 2 and 3 respectively give the star's Massey (2002) identification, RI-OTS4 spectral type from Lamb et al. (2013) , and position from OGLE III (Udalski et al. 2008) . Columns 4 and 5 list our RIOTS4 stellar radial velocity and the radial velocity of the nearest significant Hi component from Stanimirović et al. (1999) , as described below. The OGLE V magnitude and extinction A V from Zaritsky et al. (2002) are given in columns 6 and 7, respectively. Columns 8 -12 list clustering parameters for each star described in §3 below. Table 2 gives the properties of the Hii regions associated with the sample stars. Columns 1 and 2 list the star ID as before, and the nebular MCELS ID from Pellegrini et al. (2013) . The nebular radius R, listed in column 3, is the mean of the nebular major and minor axes. The remaining columns give the Hα flux F (Hα), Hα surface brightness (SB), and the nebular electron density n e , derived from the emission measure implied by the SB and R. The surface brightnesses and electron densities of these objects in Table 2 are commensurate with those of typical Hii regions, and are an order of magnitude greater than the diffuse, warm, ionized component of the interstellar medium (ISM), where n e is on the order of ∼ 0.1 cm −3 . We assume an SMC distance of 60 kpc (e.g., Harries et al. 2003) . Figure 1 shows that all of these field stars are significantly isolated and have symmetric nebulae that are difficult to explain if the stars are runaways ejected from clusters. The nebulae show regular, spherical morphology with a lower-ionization envelope traced by [Sii] enclosing the high-ionization nebular center traced by [Oiii] . This Strömgren-sphere ionization structure indicates that the nebulae are most likely optically thick (Pellegrini et al. 2012 ). Owing to their later spectral type in the early B-range, stars 17813, 64453, 67334, and 75984 do not generate significant radiation in [Oiii] and therefore do not show ionization stratification in Figure 1 . Figure 1 shows that the target stars are centered within these Strömgren spheres. The H recombination time t r = 1/n e α H , where the recombination coefficient α H = 4 × 10 −13 cm 3 s −1 for electron temperature T e = 10 4 K. For n e = 10 cm −3 , t r ∼ 10 4 yr; a runaway star moving at 100 km s −1 will travel ∼1 pc during this time. Thus, in such a dense medium, a runaway star will not noticeably "outrun" its nebula, and its Strömgren sphere will accompany its motion. However, in the diffuse ISM, n e is much lower, increasing t r proportionately. For a highdensity value of n e = 1 cm −3 , t r ∼ 10 5 yr, and a 100 km s −1 runaway star will travel 10 pc. The Strömgren radius R s ∼ 30 pc for an O9.5 V star, and so in this case, the star will appear significantly off-center, in a nebula that is elongated along the direction of motion. Stars traveling with such high speeds should also show bow shocks. If the star is within the diffuse, ionized medium, then n e is even lower, on the order of 0.1 cm −3 , with an even longer-lived nebula.
Furthermore, runaway stars with velocities strongly dominated by the line-of-sight component will remain close to their parent cluster in projection. As shown in Figure 2 , this is not seen for our sample objects. In any case, for this sample of stars, the radial velocities (RV) shown in Table 1 are selected to be within 10 km s −1 of the nearest Hi components having brightness temperature ≥ 20 K, as mapped by Stanimirović et al. (1999) . This is a nominal criterion for the presence of significant Hi in the line of sight used by Lamb et al. (2013b, in preparation) . Figure 3 shows that the stellar RVs show excellent correspondence with the Hi velocity components, consistent with the scenario that these stars formed near their currently observed locations. Four objects, 1600, 17813, 69598, and 70149, fall outside the Hi threshold criterion and might be candidate runaway stars. However, as we shall see below, other criteria suggest that most of these are also in-situ field stars.
We also note that some nebulae, in particular those for 66415 and 69598, show morphology near their periphery suggesting photo-evaporation by the stellar UV radiation (Hα images in Figure 1 ). Such features are common in star-forming regions, and in extreme form correspond to "elephant trunk" structures pointing radially at the star. The presence of large-scale photo-evaporated morphology again strongly suggests that the surrounding nebulae are indeed the natal clouds for the enclosed O stars.
DEGREE OF ISOLATION
We investigate the degree of isolation for these stars more quantitatively using data from the OGLE-III survey (Udalski et al. 2008 ) and a friends-of-friends algorithm (Battinelli 1991; Lamb et al. 2010 ). We first determine the clustering length in a 18 ′ × 9 ′ field within which the target star is found, using all stars brighter than a completeness limit of 20.5 mag in I. The clustering length l is the projected distance that maximizes the number of clusters consisting of 3 or more stars found within l of a cluster member. Most of the fields show l ∼ 1 − 2 pc, depending on mean stellar density. Since we are only interested in companion stars that are physically associated with the target, we distinguish between main sequence stars, which we assume to be associated, and other stars, which we assume to be background or foreground stars. We thus apply a conservative color criterion of V − I < 0.5, which discriminates between main sequence stars and Galactic contamination, which becomes significant at V − I > 0.5, according to the Besançon stellar population synthesis models for the Galaxy (Robin et al. 2003) . Table 1 gives l for each target star, the total number of companion stars N (tot) identified by the friends-of-friends algorithm, and the number of companions N (MS) considered to be main sequence stars, and therefore physically associated with the target OB star. We list the identified companion stars themselves, with their photometry, in Table 3 . The last column of Table 3 indicates which of these companions are identified as main sequence stars.
More than one-third of the field OB stars (5 out of 14) show no identified cluster at the completeness depth of the survey field. This is a conservative frequency, since the friends-of-friends clustering identification includes contaminating background stars. Furthermore, small-number statistics will also introduce a few spurious cluster detections. As noted above, four stars have RVs falling outside those of the line-of-sight Hi components. Of these, 1600 and 69598 show 2 and 6 associated companion stars, respectively (Table 1) . It is therefore extremely likely that 69598 formed in situ with this sparse group. The other two stars, 17813 and 70149, show no evidence of companion stars.
We follow the sparse cluster analysis by Lamb et al. (2010) , examining the ratio between the mass m 2 of the second-highest mass star to that of the target star m 1 for each identified group of companions. The target masses are from Lamb et al. (2013) , and are simply based on their photometry and spectral types. We obtain masses for the companion stars using the statistical method from Lamb et al. (2013) , using OGLE III photometry. This is done by generating a probability distribution for the observed V I photometry based on the photometric error and the measured extinction from Zaritsky et al. (2002) . The extinction A V for each star is obtained by averaging A V for all stars within a 1 arcmin radius, and the adopted uncertainty is the standard deviation of these extinction values. For each companion star, we generate 10 4 independent realizations of its V magnitude, I magnitude, and extinction by selecting a random value from a Gaussian distribution centered on their measured values. These realizations are compared with evolutionary tracks at SMC metallicity from Charbonnel et al. (1993) to obtain a stellar mass for each realization. Any realizations existing outside the model parameter space are discarded as unphysical. The remaining realizations are averaged to obtain our adopted mass for each companion star. Further details on this technique can be found in Lamb et al. (2013) . Table 1 lists the target star masses and the mass ratios m 2 /m 1 , while Table 3 gives mass estimates for all the identified companion stars. Table 3 demonstrates that most of the target field OB stars do show evidence of companion stars. If these are indeed physically associated with the targets, it provides Figure 2 . OGLE I-band images of the sample objects. The target stars are centered within 12 ′′ boxes (3.4 pc). N is up, E to the left. (Udalski et al. 2008) . b From Zaritsky et al. (2002) . c Indicates whether star is considered to be on the main sequence. even stronger evidence that these OB stars formed in situ. The mass ratios m 2 /m 1 may be slightly larger than those reported by Lamb et al. (2010) , whose maximum m 2 /m 1 is 0.17. However, that work was based on much deeper observations with the Hubble Space Telescope, for a smaller sample; whereas it is likely that some of our OGLE stars are in fact unresolved multiples. We also note our high frequency of non-detections of companions. As discussed by Lamb et al. (2010) , while their m 2 /m 1 ratios are low, they are still expected with reasonable probabilities of 10 -20% if the IMF and cluster mass functions are independent. This contrasts with scenarios in which the maximum-mass star depends on cluster mass (e.g., Weidner & Kroupa 2006; Vanbeveren 1982) . Table 3 , excluding the target OB stars. Evolutionary tracks from Charbonnel et al. (1993) are overlaid, with model stellar masses shown. Figure 4 shows the color-magnitude diagram for all the identified companion stars in Table 3 . We generate a composite IMF for all the identified clusters, following the formalism of Scalo (1986) and assuming a single, power-law form, having slope Γ given by,
where ξ(log m) is the mass function given in units of stars born per logarithmic stellar mass m(M ⊙ ) per unit area (kpc 2 ). We obtain ξ(log m) by counting the number of stars per mass bin and dividing by the area covered by the observations. We account for the different size mass bins by normalizing each bin to one dex in mass. When constructing the IMF, our star counts include only the companion stars identified as main sequence stars above (Table 3) . Figure 5 shows the composite mass function for all the target stars with companions. Since the sample selection criteria are based on field OB star status, the composite IMF must be much flatter than the usual Salpeter powerlaw slope of Γ = −1.35. Figure 5 shows that this is indeed the case, with the composite IMF slope of Γ = −0.4 ± 0.6. This is similar to the composite slope for companions found by Lamb et al. (2010) of Γ = 0.1±1.0. Excluding the target stars, the composite IMF slope is Γ = −1.6 ± 1.0, which turns out to be consistent with the Salpeter value (Figure 6 ).
Finally, we note that five of the 14 target stars, 17813, 35491, 70149, 71409, and 71815 , show no evidence of associated companions down to the completeness limit of I = 20.5 (Table 1) . We further examined these fields for detected stars fainter than the completeness limit, and only one target, 17813, shows an additional detected companion fainter than this threshold. If these five OB stars formed in situ, as is suggested by our fairly rigorous selection criteria, then they set even stronger limits to the star formation density than the rest of the sample. This includes the possibility that they formed in complete isolation. The stars 17813 and 70149 are also among the objects whose RV falls outside the observed Hi kinematic components (Figure 3) , and thus these objects have the highest probability of being runaway stars. However, the difference in velocities is only by 8 and 9 km s −1 , respectively, and as argued earlier, the spherical symmetry of the nebulae, MCELS-S73 and MCELS-S174, is hard to explain if the stars are runaways (Figure 1) . The nebular densities are also fully commensurate with the normal densities of star-forming Hii regions (Table 2) .
We have not addressed the possibility that the target field OB stars are binaries. Given that the majority of OB stars in clusters are binaries (e.g., Sana et al. 2012) , it is reasonable to expect that many, if not most of the field OB stars are binaries as well. To date, none of the stars in our sample are known binary stars. Whether or not any turn out to be binaries will also offer vital diagnostics of star formation models, for example, whether the binary frequency is different among field OB stars relative to that in clusters. Table 3 , including the target OB stars. The fitted slope is shown with a solid line, while the dashed line shows the Salpeter value. Root-N error bars are shown.
CONCLUSION
In summary, we present a sample of 14 isolated OB stars that appear to have formed in the field, under extremely sparse star-forming conditions. The stars are selected to be at least 28 pc from any other OB star, and they are centered within fairly circular, symmetric Hii regions, with no evidence of bow shocks, implying that they are not runaway stars with transverse velocities. They are also not line-of-sight runaways, based on their radial velocities relative to local Hi, and the fact that no obvious parent clusters are near the line of sight. Hii regions generated by two of the stars show evidence of photoevaporated structures, as seen in other star-forming regions. We carried out a friends-of-friends analysis of the stellar fields for our sample, which shows that most of these OB stars have 7 main sequence companions in projection. The presence of companions, if they are indeed physically associated, further implies that the target stars formed in situ. However, more than one third of the sample (5 out of 14 stars) shows no companions above the completeness limit, and it remains possible that these OB stars formed in complete isolation.
Our sample of stars presents some of the strongest evidence to date that massive OB stars can and do form in relative isolation. Their existence poses strong empirical constraints on theories of star formation and challenges proposed relations between cluster mass and maximum stellar mass. We also stress that while this sample represents strong selection criteria, there are many more objects that may similarly have formed in situ. This work was supported by NSF grants AST-0907758 and AST-0806476. C.T.K. was supported by the Undergraduate Research Opportunities Program at the University of Michigan. We thank Anne Jaskot for assistance with the MCELS data.
